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Abstract

Juniper and pinon woodlands have been expanding throughout the Intermountain West, USA since the late 1800s. Although causal factors
attributed to woodland expansion have been documented, data are lacking that describe the influence of topographic features on rates of
development and structural attributes of expanding woodlands. Our primary objective was to determine the relationship between stand-level
developmental and structural attributes of four expanding western juniper (Juniperus occidentalis) woodlands with two topographic features
commonly important to forest vegetation patterns, site exposure (an index of insolation exposure based on slope and aspect) and elevation. To
accomplish this we measured tree density and age across four western juniper woodlands in Oregon and Idaho. Site exposure and elevation were
consistently correlated with spatial and temporal components of woodland development and structure. Holding slope constant, a shift from a north
to south aspect resulted in a 4.9 trees/ha/year decrease in tree establishment at a similar elevation. A 200 m rise in elevation was associated with a
1.8 trees/ha/year increase in tree establishment with similar exposure. A 100 m rise in elevation was associated with a 5-year decrease in the time
required for a stand to reach dominance and a 22% increase in dominant tree density among stands with similar site exposure. Although significant,
site exposure and elevation only explained a portion of the process of woodland dynamics. However, our data suggest exposure and elevation are
contributing variables influencing woodland expansion across landscapes, resulting in spatial and temporal heterogeneity in stand structure and
development. Models of woodland expansion incorporating landscape topographic features may be practical for identifying windows of

opportunity for less costly restoration.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The increase in abundance of woody species has been
reported in many semiarid and arid ecosystems throughout the
world (Walker and Gillison, 1982; Schofield and Bucher, 1986;
Archer et al., 1988). In the Intermountain West, USA, juniper
and pinon woodlands have been actively expanding since the
late 1800s (Tausch et al., 1981; Miller and Tausch, 2001; Wall
et al., 2001). Prior to this time period, juniper and pinon
woodlands were primarily confined to fuel-limited or fire-
insulated sites (Dealy et al., 1978; Martin, 1978; Miller and
Rose, 1995, 1999). Encroachment of juniper and pinon from
fire-protected areas on the landscape to more productive, deeper
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soils sites supporting shrub steppe, riparian, and aspen
communities has largely been attributed to broad-scale
reductions in the frequency of fire in the Intermountain West
(Burkhardt and Tisdale, 1976; Miller and Rose, 1999; Miller
and Tausch, 2001). Miller and Wigand (1994) speculated that
the rate and extent of expansion of pinon and juniper woodlands
in the past 150 years is unprecedented compared to any other
time during the Holocene. Presently, these semiarid woodlands
occupy around 19 million hectares (Miller and Tausch, 2001).
Studies have described the chronology of post-settlement
establishment (after 1850) of juniper and pinon woodlands
(Burkhardt and Tisdale, 1976; Tausch et al., 1981; Tausch and
West, 1988; Knapp and Soulé, 1996; Miller and Rose, 1999;
Miller et al., 2000, 2005) and the spatial variation of woodlands
across the Great Basin (West et al., 1978). In addition, impacts
of woodland encroachment on plant community composition
and structure, hydrologic processes, nutrient cycling, and
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wildlife habitat have also been evaluated (Klopatek, 1987;
Reinkensmeyer, 2000; Bates et al., 2002; Miller et al., 2000,
2005). Other studies have looked at the relationships linking
soils and plant associations with woodland structure and the
interaction between increasing juniper dominance and unders-
tory species (Koniak and Everett, 1982; Tausch and West, 1995;
West, 1999; Miller et al., 2000). However, little work has been
conducted from a landscape perspective to determine how
topographic elements influence stand-level rates of develop-
ment and structural attributes. To effectively manage or restore
woodland encroached ecosystems it is important that we can
describe spatial and temporal patterns of woodland develop-
ment and structure and understand the underlying causes.

Western juniper (Juniperus occidentalis) (Cronquist et al.,
1972) woodland expansion probably has had the greatest
impact on the mountain big sagebrush (Artemisia tridentata var.
vaseyana) alliance based on area invaded (Miller et al., 2000,
2005). The process of woodland encroachment in these
communities can be described with three phases directly
linked to increasing tree dominance over site ecological
processes (Miller et al., 2005). In phase I, trees are present but
shrubs and herbs are the dominant vegetation that influence
ecological processes on the site; phase II, trees are co-dominant
with shrubs and herbs and all three vegetation layers influence
ecological processes on the site; and phase III, trees are the
dominant vegetation and the primary plant layer influencing
ecological processes on the site. Miller et al. (2000) reported
there were repeatable stand characteristics in the mountain big
sagebrush alliance that can be used to define the phase of stand
development. An important transition in this model occurs
between phases II and III with the onset of dominant tree stress
(i.e. reductions in leader growth and reproductive effort)
resulting from intraspecific competition. It is the point where
trees begin to influence the interspace causing changes in
community structure that alter ecological processes, fire
regimes, wildlife habitat suitability, and restoration options.
Miller et al. (2000) speculated that by the mid to late phases of
this transition, the reversal to shrub steppe by fire becomes
unlikely because juniper dominance causes a significant
enough loss of understory shrub and herbaceous species to
preclude surface fires. Once an ecological threshold has been
crossed, restoration usually becomes difficult and expensive,
and outcomes become less predictable (Archer, 1989; Miller
et al., 2000).

Resource availability has long been recognized as an
important factor influencing composition, structure and
development of plant communities (Whittaker, 1975; Tilman,
1982; Ohmann and Spies, 1998; Iverson et al., 1997; McNab,
1989, 1993). Gradients of resource availability on the landscape
are often associated with topographically induced gradients of
climate, the most apparent of which are related to changes in
elevation and site insolation exposure (slope and aspect). A
long tradition in gradient analysis by vegetation scientists has
pointed to temperature (proxied as elevation) and moisture
(proxied as various “‘exposure’’ indices) as primary constraints
on vegetation pattern (Whittaker, 1975; Stephenson, 1990). Our
primary study objective was to determine the relationship

between stand-level rates of development and structural
attributes of expanding western juniper woodlands with two
topographic features commonly important to forest vegetation
patterns, site exposure (slope and aspect) and elevation (e.g.
Taylor, 1990; Parker, 1989, 1991, 1992, 1995). Describing
stand-level variation in the development of expanding wood-
lands over topographically diverse environments is important
for forecasting windows of opportunity for management actions
in restoration planning.
Specific questions we addressed in this study were:

1. Does the rate of tree establishment increase with elevation
and decrease with site exposure?

2. Do total and dominant tree densities increase with elevation
and decrease with site exposure?

3. Does the length of time from stand establishment to the onset
of dominant tree stress resulting from intraspecific competi-
tion decrease with elevation and increase with site exposure?

2. Study area and methods
2.1. Study region

Two study areas were located in the semiarid region of the
Intermountain West on Steens Mountain, Harney County,
southeastern Oregon (42°N 118°W), and two on South
Mountain and Juniper Mountain, which form a part of the
Owyhee Mountains, Owyhee County, southwestern Idaho
(42°N 116°W). Climate, soils, and vegetation across the study
areas are characteristic of those found in the High Desert,
Klamath, Humboldt and the Snake River ecological provinces
(Anderson et al., 1998; Bailey, 1994). Steens Mountain is
approximately 80 km long and oriented in a northeast direction
(Baldwin, 1981). Elevation of Steens Mountain ranges from
1268 to 2949 m, with a steep east-facing escarpment and a
gentle west-facing slope. Geomorphology of Steens Mountain
is characterized by nearly level basins and valleys that are
bordered by long, gently sloping alluvial fans. Pliocene
volcanic and shallow intrusive igneous rocks occur, along
with andesite, breccias, and basalt flows. The geomorphology
of the Owyhee Mountains is characterized as an uplifted region
with doming and fault blocking common. The Owyhee
Mountains are predominantly comprised of granite overlain
by rhyolites and welded tuffs with silicic volcanic flows, ash
deposits, and wind-blown loess. Topographic features of this
area include mountains dissected by deep canyons, rocky
tablelands, and rolling plains ranging in elevation between 1200
and 2375 m. Soils across the four woodlands vary from shallow
rock outcrops to moderately deep gravelly, sandy, or silt loams.
Predominant soil taxa are Aridisols, Entisols, Alfisols,
Inceptisols, and Mollisols that occur in combination with
mesic and frigid soil temperature regimes and xeric and aridic
soil moisture regimes.

Climate across the two mountain ranges is characteristic of
the northern Great Basin in that it is cool and semiarid. Mean
annual precipitation within the juniper belt ranges between
300 mm at lower elevations increasing to >400 mm at higher
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elevations (Oregon Climate Services, 2004). The majority of
the annual precipitation is received as snow in November,
December, and January and as rain March through June.
Average temperatures vary from —6.6 °C in January to 34.5 °C
in July. The growing season ranges from 90 to 120 days.
Western juniper woodlands form a discontinuous belt
between 1450 and 2100 m in elevation on Steens Mountain
and a near continuous belt on South and Juniper Mountains
between 1300 and 2100 m. Above 2100 m, extremes in
temperatures and severe winter conditions limit western juniper
establishment (Miller and Rose, 1995). Limited western juniper
distribution in the basins or below the toe-slopes of the mountains
is likely an artifact of late spring frosts (Billings, 1954) coupled
with limiting moisture. The Resources Conservation Service has
described the areas’ potential natural vegetation as sagebrush-
grassland. Current vegetation is predominantly of two types,
sagebrush-grasslands and western juniper woodlands (Burkhardt
and Tisdale, 1976; Miller et al., 2000). Predominant potential
vegetation occupying the uplands are: (1) mountain big
sagebrush associated with bluebunch wheatgrass (Agropyron

spicatum), ldaho fescue (Festuca idahoensis), or Thurber
needlegrass (Stipa thurberiana) on relatively deep, well-drained
soils and (2) low sagebrush (Artemisia arbuscula var. arbuscula)
associated with bluebunch wheatgrass, Idaho fescue, or
Sandberg bluegrass (Poa secunda) over restrictive layers of
claypan or bedrock (Burkhardt and Tisdale, 1976).

2.2. Methods

We established four transects extending a total of 68 km in
2001 across four different western juniper woodlands (Fig. 1).
Each of the four transects were located along an elevational
gradient extending from the lower to upper boundaries of each
woodland. We used both field reconnaissance and aerial photos
to position transects in areas where there was minimal evidence
of woodland disturbance since the early 1900s and to ensure
sampling represented a wide array of environmental variables
typical of sites occupied by western juniper.

To determine how site exposure and stand elevation affect
woodland development and structure, circular plots were
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Fig. 1. Map of the study locations in Oregon (top left) and Idaho (bottom left). Three plots circular plots were placed approximately every 500 m along three parallel
transects spaced 500 m apart; plot locations were adjusted to fit within a uniform stand at least 0.5 ha in size with uniform characteristics (e.g. aspect, topography, soil,
and vegetation). Middle transect lines were located along roads to optimize sampling efficiency and extended from the low to upper elevation boundaries of each
woodland.
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placed approximately every 500 m along three parallel
transects spaced roughly 500 m apart (Fig. 1). For this study
we only report plots falling within the mountain big sagebrush
alliance (n = 186). We adjusted plot locations to fit within a
uniform stand at least 0.5 ha in size and representing a single
ecological site with uniform characteristics (e.g. aspect,
topography, soil, and vegetation). A variable plot radius was
employed, scaled to tree density. The plot radius was selected at
each location based on a cursory estimation of stand density:
15, 20, and 30 m radiuses were employed on plots with greater
than 600 trees/ha, between 200 and 600 trees/ha, and with less
than 200 trees/ha, respectively.

We identified and recorded dominant understory plant
species and wood remnants to determine the potential plant
alliance and association. UTM coordinates, percent slope,
aspect, elevation, and topographic position were recorded for
each plot. Due to its circular nature, aspect is a poor variable for
quantitative analysis. Although 1° and 360° represent about the
same aspect, the numbers are very different. To alleviate
difficulties in using aspect as a variable in our analyses, we used
the following equation (Balice et al., 2000) that rescales aspect
to a north/south axis and weights aspect exposure by steepness
of slope to generate a unitless index of a site’s insolate
exposure:

site exposure
= percent slope x cosine(rr(aspect — 180)/180) (1)

where cosine is in radians and degrees east of north.

For each plot we also identified the phase of woodland
development (i.e. I, II, III or early, mid, and late successional)
following the guidelines developed by Miller et al. (2000,
2005). Tree canopy cover during phase I is typically less than
10%, comprised primarily of juveniles (<1 m) and saplings (1—-
3 m), whereas phase II stands can be comprised of interspersed
older dominant trees among young trees and commonly
approach cover values of 10—49%, depending on the ecological
site. Characteristics employed for differentiation between
phases II and III follow: (1) terminal and lateral leader growth
exhibited by understory trees located in tree interspace are
suppressed by intraspecific competition as stands approach
phase III (threshold ~ terminal 10 cm, lateral 6 cm) (Miller
et al., 2000), and (2) during phase II a portion the shrub layer
remains intact but with obvious mortality, whereas during phase
III live shrubs are nearly to completely absent and dead shrub
skeletons are common to abundant.

Tree density was counted and recorded in size classes.
Classes were based on tree height and age consisting of the
following: (1) juvenile <1 m, (2) sapling 1-3 m, (3) sub-
dominant 3 m to 75% of the potential maximum height yielded
by a particular site, (4) dominant >75% of the potential
maximum height, and (5) pre-settlement >150 years. Potential
height was assumed to be the height of the tallest mature tree
present in the primary canopy of the stand. Pre-settlement trees
(>150 years) were identified in the field using morphological
characteristics described by Waichler et al. (2001) and Miller
et al. (2005).

To estimate the period of initial western juniper post-
settlement encroachment, the three tallest post-settlement trees
were aged. An increment core was collected at 30 cm above
ground level. Cores were brought back to the laboratory at the
Eastern Oregon Agricultural Research Center, mounted, sanded
until the cell structure was visible with a binocular microscope,
and rings counted. Most cores (98%) intersected or were within
10 rings of the pith. For samples that did not include the pith, we
used transparent overlays of concentric circles to estimate the
number of rings to pith (Villaba and Veblen, 1997). Thirty
juvenile trees (15—45 cm) growing in the tree interspace of open
(phase I) woodlands were sampled and aged to correct for core
sample height.

To estimate the number of years for the development of
woodlands to approach the onset of dominant tree stress (i.e.
transition from phase II to phase III) we collected an additional
12 tree cores per plot from sub-canopy and dominant trees in a
subsample of 13 phase III plots to attain relative growth rates.
We also collected 12 cores from 7 phase I stands for
comparison. Individual years were identified and ring widths
(i.e. distance between successive growth rings) were measured
on each core sample to the nearest 0.001 mm using an Acu-Rite
Slide Table, Velmex Quick-Check 100 Meter, and Measure J2X
v. 3.1 release 25 software. We did not include ring widths for the
first 25 years (juvenile stage) for each core. During the early
stages of growth western juniper trees are putting a greater
proportion of growth into root development (Kramer, 1990)
resulting in slower above ground growth (Tausch and West,
1995; Miller and Tausch, 2001). Samples were compiled for
each plot and a mean ring width was calculated for each year.
Tree rings were cross-dated to ensure years were properly
matched across core samples within plots. The mean ring width
for each year was divided by the overall mean ring width across
years for each plot, and resulting relative growth rates were
plotted graphically to estimate years transpired from the
beginning of stand development to phase III woodlands. For
phase III stands, relative growth curves were evaluated to
determine when a constriction in ring widths occurred. A
persistent constriction in ring widths remaining below the long
term average was assumed to be indicative of the onset of
dominant tree stress resulting from intraspecific competition,
thereby signifying the approximate time the woodland
transitioned to phase III. This procedure yielded estimates of
time in years transpired since initial post-settlement tree
establishment, estimated by aging the three tallest trees, until
phase III.

2.3. Data analyses

To address the question of the relationship of the response
variables (Table 1) with site exposure and elevation among
phase III juniper stands the following regression model was fit
to the data:

Yi=Bo+ B X Xii + By x Xoi + & )

where Y; is any of the response variables, fs are the linear
regression coefficients, & ~ N(0, ag) and ¢ and g are
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Table 1

Description of the response variables

Model n Description of response variable Mean Min Max

Rate of post-settlement juniper 77* Number of post-settlement trees 5.7+3.7 1.2 15.9
establishment established per hectare per year

Time required to reach phase II 13° Time transpired since initial tree 90.2+17.1 75 135

establishment until phase III
Total tree density® 77" Total density of trees 7379 +451.4 155.0 2037.0
Dominant tree density® 77* Density of dominant trees 154.3 4+ 83.0 24.0 399.0

(i.e. those trees comprising
the primary canopy of a stand)

? Analysis limited to late phase juniper stands associated with mountain big sagebrush.
® Analysis limited to late phase juniper stands associated with mountain big sagebrush that were sampled on Juniper Mountain, Idaho in 2002 in which relative

growth curves were developed.

¢ Initial analyses suggested the need for log transformation of the response variable to equalize variance over the range of explanatory variables.

independent. X; is the site exposure index for the ith stand, X>;
the elevation in meters for the ith stand, 8, the estimate of the
regression of Y on site exposure, 5, the estimate of the regres-
sion of Yon elevation and ¢; is the random effect of each stand
that adds variability to the value of Y.

This model assumes a linear relationship between the
response and the explanatory variables. In addition, the model
assumes that variance in the response variables among stands
with similar values of the explanatory variables is the same as
the variance in the response variables among stands with
different values of the explanatory variables. The need for log
transformation of the response variables in order to meet model
assumptions was evaluated prior to interpretation of models.

3. Results

3.1. Influence of site exposure and elevation on rates of
tree establishment

Based on the year of stand initiation and tree density at the
time of measurement, the rate of tree establishment (# trees
established/ha/year): (1) decreased with increasing site
exposure (i.e. increasing southerly exposure) and (2) increased
with increasing stand elevation (Fig. 2). The regression model
describing this relationship was (standard errors in parentheses
below parameter estimates):

rate of juniper establishment

= —10.41 —[0.25 (exposure) + 0.009 (elevation)] 3)
4.73)  (0.028) (0.0026)

with residual error = 2.4. The adjusted * was 0.6.

A 20-unit increase in site exposure (e.g. contrast of stands
developing on similar hill slopes and elevation but facing south
instead of north) was associated with a 4.9 trees/ha/year
decrease in the mean rate of woodland establishment among
stands developing at similar elevation (95% CI: 3.8-6.0 trees/
ha/year). A 200 m rise in elevation was associated with a
1.8 trees/ha/year increase in the rate of woodland establishment
among stands with similar exposure (95% CI: 0.8-2.9 trees/ha/

year).

3.2. Influence of site exposure and elevation on rates of
stand development

Relative growth rates in phase III stands all showed a distinct
decline in ring width during stand development. Relative
growth rates among phase III stands that initiated expansion
between 1850 and 1870 began a decline 70-120 years later
depending on insolation exposure and elevation. Although
similar climatic signatures are apparent, tree ring widths in
phase I stands, occupied by a low density of trees, did not show
a similar decline in relative growth rate that was observed in
phase III stands (Fig. 3).

The number of years required to reach phase III (the number
of years from stand initiation to a persistent decline in relative
growth rate) increased with increasing southerly exposure and
decreased with increasing elevation (Fig. 4). The regression

Rate of Establishment (trees/halyear)

oo

Fig. 2. Relationship of rate of establishment with elevation (m) and site
exposure in stands associated with mountain big sagebrush. Site exposure
becomes increasingly warmer to the right.



12 D.D. Johnson, R.F. Miller/ Forest Ecology and Management 229 (2006) 7-15
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Relative Growth Rate

T
1850 1865 1880 1895 1910 1925 1940 1955 1970 1985 2000
Year

Fig. 3. Display showing relative growth rates (ratio of annual ring width over
mean ring width) over time of a phase I juniper stand that established in 1940
and a phase III stand that established in 1850 on Juniper Mountain, Idaho.
Notice the dashed line represents a 1:1 ratio with the overall mean tree ring
width and during the time period 1950-1960 ring widths declined to well below
the long term average suggesting increased competition among trees in phase
III. Also notice this trend was not observed in phase I stands.

model describing this relationship was (standard errors in
parentheses):

years until phase III

= 193.66 +[0.48 (exposure)] — [0.052(elevation)] 4)
@558)  (0.117) (0.025)

residual error = 4.29, adjusted  was 0.73.

A five-unit increase in site exposure (e.g. contrast of stands
on similar hill slopes and elevation but facing south instead of
east) was associated with a 2.4 year increase in the time
required to reach phase III among stands that have developed at

Time (Y ears)

Fig. 4. Relationship of time required to reach phase III with elevation (m) and
site exposure in stands associated with mountain big sagebrush. Site exposure
becomes increasingly warmer to the right.

similar elevations (95% CI: 1.13-3.67 year). A 100 m rise in
elevation was associated with a 5-year decrease in the time
required for a stand to reach phase III on sites with similar
exposure (95% CI: 0.37-10.81 years).

3.3. Influence of site exposure and elevation on tree density

Total density of western juniper in phase III stands ranged
between 155 and 2037 trees/ha. Total live juniper density
increased with increasing elevation and decreased with
increasing site exposure (i.e. increasing southerly exposure)
in stands associated with mountain big sagebrush (Fig. 5). To
meet the models assumptions the response variable (total tree
density) was log transformed. The final regression model was:

log(total tree density)

= 2.59 —[0.036 0.0022(elevati 5
(0.705) [(0.004) (exposure)] + | (6.0004) (elevation)] 5)

residual error = 0.356 and adjusted r* was 0.65.

A five-unit increase in site exposure (e.g. contrast of stands
on similar hill slopes and elevation but facing south instead of
east) was associated with an 18% decrease in total tree density
(95% CI: 14-22%). A 100 m rise in elevation was associated
with a 22% increase in total tree density among stands with
similar site exposure (95% CI: 14-30%). Density of dominant
trees in phase III plots varied from 24 to 399 trees/ha. Dominant
tree density (number of trees/ha comprising the upper 75% of
the canopy) increased with increasing elevation and decreased
with increasing site exposure (i.e. increasing southerly
exposure) in stands associated with mountain big sagebrush
(Fig. 6). The final regression model describing this relationship
was as follows with standard errors in parentheses below the

1,500 2,000 2,500

1,000

Total Tree Density (trees/ha)

S00

Fig. 5. Relationship of total live juniper density with elevation (m) and site
exposure in stands associated with mountain big sagebrush. Site exposure
becomes increasingly warmer to the right.
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Dominant Tree Density (grees/ha)

Fig. 6. Relationship of dominant juniper density with elevation (m) and site
exposure in stands associated with mountain big sagebrush. Site exposure
becomes increasingly warmer to the right.

estimates (response variable log transformed to meet model
assumptions):

log(dominant tree density)

= 2.62 —[0.026 0.001 (elevati 6
(0336) [ 6065 (exposure)] + [(0‘0001)(6‘ evation)] (6)

residual error = 0.36 and adjusted 7 was 0.49.

A five-unit increase in site exposure (e.g. contrast of stands
on similar hill slopes and elevation but facing south instead of
east) was associated with a 15.4% decrease in the density of
dominant overstory trees (95% CI: 9.6-21%). A 100 m rise in
elevation was associated with a 22% increase in dominant
tree density among stands with similar site exposure (95% CI:
8-11%).

4. Discussion

Many authors have speculated that fire played a significant
role influencing landscape vegetation pattern and plant
composition in shrub steppe, riparian, and aspen communities
in Intermountain West prior to the late 1800s (Tausch et al., 1981;
Miller and Tausch, 2001; Wall et al., 2001). However, during the
process of woodland encroachment in these communities, an
ecological threshold is crossed in which disturbance, in the form
of fire, ceases to operate as an important driving factor of
landscape vegetation patterns and plant composition (Miller
et al., 2000, 2005). Instead, environmental factors pertaining to
the site become important determinants of structure and
developmental rates of expanding woodlands. Our findings
indicate that two topographic features commonly important to
forest vegetation patterns, site exposure and elevation, explained
much of the variation in the structure and development of western

juniper stands occurring on different landscape positions. We
assumed site exposure and elevation created a gradient of site
available moisture over the landscape, resulting in varying rates
of tree establishment and growth. Similar to the results presented
in this study, several authors have also inferred that topographic
position creates variable patterns of resource availability
influencing the composition and productivity of forests (e.g.
Iverson et al., 1997; McNab, 1989, 1993; Taylor, 1990; Parker,
1991, 1992, 1995).

The decline we observed in relative growth rates by phase I11
suggested the intensity of intraspecific competition had
approached a sufficient level to cause dominant tree stress.
Although similar climatic signatures are apparent, tree ring
widths in phase I stands, occupied by a low density of trees, did
not show a similar decline in relative growth rates that was
observed in phase III stands. We speculated that during the
period of decline in relative tree growth rates, transitional
shrub-steppe-woodlands were crossing a threshold from phase
IT to III. This transition occurred over a 10-year period that
likely coincided with a rapid loss of shrubs and possibly a
decline in herbaceous vegetation in response to a reduced
availability of resources. Several studies have reported declines
in shrub and herbaceous layers throughout the Intermountain
West as juniper and pinon increase in dominance (Cottam and
Stewart, 1940; Adams, 1975; Tausch and West, 1995; Miller
et al., 2000). Tausch and West (1995) and Miller et al. (2000)
estimated that as trees approached 50% of maximum potential
stocking for a site, big sagebrush cover and biomass declined to
approximately 20-25% of maximum potential.

Based on western juniper age chronology, Johnson (2005)
reported stands on northerly exposures and in the upper
elevation of the woodland belt were capable of attaining
minimum stocking densities (approximate density of seedlings,
once mature and comprising the dominant primary canopy, that
uses site resources to the exclusion of the understory) of around
250 trees/ha over a 20-year period. On drier sites, 40+ years
were required to achieve minimum stocking densities of fewer
than 100 trees/ha. In this study we observed similar trends in
time required to reach critical stages in stand development. We
found that although dry sites supported fewer total trees in
phase III than mesic sites (<350 trees/ha as opposed to
>800 trees/ha, respectively), phase III occurred within >120
years on warm dry sites compared to only 80 years on mesic
sites. These results are similar to those reported by Miller et al.
(2000) who concluded phase III western juniper stand densities
varied from 222 to 481 trees/ha in mountain big sagebrush/
Thurber needlegrass (warm dry) associations to 247-716 trees/
ha in mountain big sagebrush/Idaho fescue (cool wet)
associations. Based on tree age chronology they also concluded
that the time required for woodland closure was highly variable
depending on site potential and estimated the minimum time for
stands to approach phase III on mesic sites was 60-70 years.
Several others have reported that the minimum time required
reaching phase III is 60-90 years (Barney and Frischknecht,
1976; Tausch and West, 1995; Miller and Rose, 1999; Miller
et al., 1999). The rate of juniper above ground shoot and leaf
development may also influence the timing when stands
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approach the threshold of tree dominance on a site. Tree canopy
development in western and Utah junipers (Juniperus
osteosperma) is usually relatively slow during the first 45-50
years compared to the second 50 years of growth (Tausch and
West, 1995; Miller and Tausch, 2001). This would suggest that
the rate of woodland development would begin to increase as
tree stands approach 50 years of age. These estimates were
found to be reasonable in this study on more productive sites
(i.e. northerly exposed sites at higher elevations), however, it
was generally found that less productive sites (i.e. southerly
exposed sites at lower elevations), although supporting fewer
total trees, require a longer time period to reach phase III.
Our findings indicated that the rate of western juniper
establishment and tree density increased with elevation and
northerly exposure. The conceptual model shown in Fig. 7
represents three hypothesized phases of stand development for
western juniper encroachment in mountain big sagebrush
steppe communities. The three dashed lines in the model
represent mean rates of tree establishment (trees/ha/year) for
stands developing under varying levels of insolate exposure and
at different elevations. The estimates in the conceptual model
represent mean rates of tree establishment for specific levels of
site exposure and elevation, thus one needs to realize that a
continuum exists between them. In addition, rates of tree
establishment during phase I is a major factor determining the
rate of woodland development. Initial stocking density is a
function of successful establishment, which is influenced by the
spatial distribution of seed dissemination, resource availability,
climate, and safe sites. Johnson (2005) found a significant
relationship between the presence of nearby pre-settlement
trees (>150 years) and the initiation of post-settlement (<150
years) stands of western juniper. Pre-settlement juniper was
primarily confined to fuel-limited or fire-insulated sites (Dealy
et al., 1978; Martin, 1978; Miller and Rose, 1995, 1999). Thus,
with a greater probability of the historic seed trees occurring on
more fuel-limited south exposures, the dispersal distance was
likely greater and encroachment may have been slower on more
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Fig. 7. Display showing the hypothesized time periods from initial tree
establishment (early phase I) to minimum stocking adequate for phase III,
and estimated maximum potential for tree density and cover for stands devel-
oping on varying insolation exposures and elevations.

mesic aspects. Therefore, our estimates of enhanced juniper
encroachment on less severe sites may be conservative in
nature. Seed dispersal mechanisms and safe sites were assumed
to be in place and not limiting tree establishment in our
conceptual model, so transitions between phases occur as a
function of density of established trees, canopy cover, and time.

The model presented in Fig. 7 provides an estimate of the time
required for stands to achieve critical stages in their development
based on elevation and site exposure. Since we know that juniper
is most easily controlled early in development prior to
displacement of understory shrub and herbaceous species
(Martin, 1978; Bunting, 1984; Miller et al., 2000), this model
points out windows of opportunity for less costly management. It
also estimates the time required during woodland development
for transition across an important management threshold. Once
trees begin competing with one another and understory shrub and
herbaceous components decline during the transition from phase
IT to III, management is relegated to mechanical means of
treatment prior to prescribed fire.
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